Rationale Adenosine A 2A antagonists can reverse many of the behavioral effects of dopamine antagonists, including actions on instrumental behavior. However, little is known about the effects of selective adenosine antagonists on operant behavior when these drugs are administered alone. Objective The present studies were undertaken to investigate the potential for rate-dependent stimulant effects of both selective and nonselective adenosine antagonists. Methods Six drugs were tested: two nonselective adenosine antagonists (caffeine and theophylline), two adenosine A 1 antagonists (DPCPX and CPT), and two adenosine A 2A antagonists (istradefylline (KW6002) and MSX-3). Two schedules of reinforcement were employed; a fixed interval 240-s (FI-240 sec) schedule was used to generate low baseline rates of responding and a fixed ratio 20 (FR20) schedule generated high rates. Results Caffeine and theophylline produced rate-dependent effects on lever pressing, increasing responding on the FI-240 sec schedule but decreasing responding on the FR20 schedule. The A 2A antagonists MSX-3 and istradefylline increased FI-240 sec lever pressing but did not suppress FR20 lever pressing in the dose range tested. In fact, there was a tendency for istradefylline to increase FR20 responding at a moderate dose. A 1 antagonists failed to increase lever pressing rate, but DPCPX decreased FR20 responding at higher doses. Conclusions These results suggest that adenosine A 2A antagonists enhance operant response rates, but A 1 antagonists do not. The involvement of adenosine A 2A receptors in regulating aspects of instrumental response output and behavioral activation may have implications for the treatment of effort-related psychiatric dysfunctions, such as psychomotor slowing and anergia in depression.
Introduction
There is considerable interest in the behavioral actions of drugs that modulate adenosine receptor function. Nonselective adenosine antagonists such as caffeine act as minor stimulants and are commonly consumed by humans drinking coffee, tea, and "energy drinks" (Antoniou et al. 2005; Ferré 2008; Ferré et al. 2008a; Reissig et al. 2009 ). Moreover, adenosine A 2A antagonists are being intensively studied because of their potential utility for the treatment of various conditions, including idiopathic Parkinson's disease (Ferré et al. , 2001 (Ferré et al. , 2004 Hauber et al. 2001; Wardas et al. 2001; Morelli and Wardas 2001; Carta et al. 2002; Jenner 2005; Pinna 2010; Salamone 2010) , the parkinsonian side effects of antipsychotic drugs (Correa et al. 2004; Ishiwari et al. 2007; Salamone et al. 2008; Varty et al. 2008) , and energy-related symptoms such as psychomotor slowing, anergia, and fatigue in patients with depression and other disorders ; Salamone et al. , 2010 Nunes et al. 2010) . Striatal areas that are rich in dopamine (DA), including neostriatum and nucleus accumbens, also have a high concentration of adenosine A 2A receptors (Jarvis and Williams 1989; Schiffmann et al. 1991; DeMet and Chicz-DeMet 2002; Ferré et al. 2004) . Moreover, there is a functional interaction between DA D 2 and adenosine A 2A receptors, which are co-localized on enkephalin-containing medium spiny neurons (Fink et al. 1992; Ferré 1997; Ferré et al. 1997 Ferré et al. , 2008b Hettinger et al. 2001; Chen et al. 2001; Hillion et al. 2002; Fuxe et al. 2003) . Consistent with these anatomical data, a large body of evidence indicates that adenosine A 2A antagonists can reverse the effects of DA antagonists, particularly those of D2 family antagonists such as haloperidol and eticlopride Salamone et al. 2009; Nunes et al. 2010) . Thus, adenosine A 2A antagonists have been shown to attenuate the effects of D2 antagonists on tremor (Correa et al. 2004; Salamone et al. 2008; Betz et al. 2009 ), locomotor suppression (Correa et al. 2004; Salamone et al. 2008; Collins et al. 2010b) , and various aspects of instrumental behavior, including lever pressing response rate and instrumental response selection in studies involving effort-related choice behavior Worden et al. 2009; Salamone et al. 2009; Mott et al. 2009; Nunes et al. 2010) .
Several previous studies of adenosine antagonists in rodents have focused upon their ability to stimulate locomotor activity. Consistent with its profile as a minor stimulant, caffeine has been shown repeatedly to enhance locomotor activity in rats and mice (Garrett and Holtzman 1994; Daly and Fredholm 1998; Karcz-Kubicha et al. 2003; Antoniou et al. 2005) . Several studies have demonstrated that adenosine A 2A antagonists, including istradefylline (KW6002), MSX-3, and SCH 58261, also can increase locomotion (Popoli et al. 1998; Antoniou et al. 2005; Collins et al. 2010b ). The locomotor stimulant effects of A 1 antagonists appear to be more variable and may depend upon the particular drug; CPT (8-cyclopentyltheophylline) has been shown in several studies to induce locomotion in rodents (Marston et al. 1998; Popoli et al. 1998; Karcz-Kubicha et al. 2003) , while , which is more selective for A 1 receptors than CPT, generally does not stimulate locomotion (Marston et al. 1998; Collins et al. 2010b ). Yet despite the large number of studies of the effects of adenosine A 2A antagonists on locomotion and the growing body of evidence indicating that these drugs can reverse the suppression of lever pressing induced by DA antagonism, little is known about the effects of adenosine A 2A antagonists on operant behavior when they are administered in the absence of other drugs. Moderate doses of MSX-3 and istradefylline were reported not to have much effect on lever pressing rates with rats responding on either a fixed ratio 5 (FR5) schedule Salamone et al. 2009 ) or the FR10 component of a drug discrimination procedure . More recently, it was reported that high doses of MSX-3 and CPT (i.e., 30.0 mg/kg) decreased lever pressing rates on the FR10 component of a drug discrimination task in rats trained to discriminate nicotine (Justinova et al. 2009 ). However, in the behavioral pharmacology literature, it is well known that the rate-enhancing effects of stimulant drugs depend greatly upon the schedule of reinforcement (Dews 1955 (Dews , 1958 ). Thus, with major stimulants such as amphetamine, enhanced rates of lever pressing are most readily demonstrated when animals are responding on schedules that generate low rates of responding (e.g., fixed interval schedules), and response rates tend to be decreased when animals are responding on schedules that generate high baseline rates of responding (Dews 1958; Sanger and Blackman 1974; Wenger and Dews 1976) . Studies of the rate-dependent effects of caffeine have yielded mixed results; some papers have indicated that caffeine can produce rate-dependent effects on operant responding (Davis et al. 1973; McKim 1980) , while other research failed to find this result (Harris et al. 1978) . Moreover, it is uncertain if adenosine antagonists with different receptor selectivity profiles would also produce this pattern of effects.
The present studies were undertaken to investigate the potential for rate-dependent stimulant effects of both selective and non-selective adenosine antagonists. Six drugs were tested: two nonselective adenosine antagonists (caffeine and theophylline), two adenosine A 2A antagonists (MSX-3 and istradefylline (KW6002)), and two adenosine A 1 antagonists (DPCPX and CPT). Two schedules of reinforcement were employed; a fixed interval 240-s (FI-240 sec) schedule was used to generate low baseline rates of responding and a fixed ratio 20 (FR20) schedule generated very high rates of lever pressing.
Materials and methods

Animals
Male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA) were used in all of these experiments. The animals were food-restricted to 85% of their free feeding weight for initial lever pressing training but they were then allowed modest growth throughout the course of the study. The animals weighed 350-400 g at the time of testing. All rats were housed in a climate-controlled colony maintained at 23°C on a 12-h light/dark cycle (lights on 07:00 h) with access to water ad libitum in their home cages. All protocols were approved by the University of Connecticut Institute for Animal Care and Use Committee and studies were conducted in accordance with NIH guidelines.
Behavioral procedures
Behavioral sessions were conducted in operant chambers (28×23×23 cm, Med Associates). Rats were initially trained to lever press on a continuous reinforcement schedule (30-min sessions and 45 mg Bioserve Pellets, Frenchtown, NJ, USA, were used for all operant behavior tests). For the FI-240 training, rats then were shifted to a series of interval schedules, in which the first response after the time interval elapsed was reinforced by the delivery of a single 45-mg pellet. Rats were trained on a FI-10 s schedule for 5 days, FI-30 s for 5 days, FI-60 s for 5 days, FI-120 s for 5 days, and finally FI-240 sec for the duration of the experiment. Rats were trained on the FI-240 sec schedule for several weeks until they reached stable baseline rates of lever pressing (consistent responding of less than 120 lever presses in 30 min), after which drug testing began. On all baseline days and over weekends, rats training on the FI 240-s schedule received supplemental feeding in order to maintain body weight. For FR20 training, rats were shifted from continuous reinforcement to a series of ratio schedules: FR5 for 5 days, FR10 for 5 days, and finally FR20 for the duration of the experiment. Rats were trained until they reached stable baseline rates of lever pressing (consistent responding over 3,000 lever presses in 30 min), after which drug testing began. On all baseline days and over weekends, rats received supplemental feeding in order to maintain body weight.
Pharmacological agents and selection of doses
Caffeine and theophylline (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in a 0.9% saline solution, which also was used as the vehicle control for these drugs. MSX-3 was provided by Christa Müller (University of Bonn, Bonn, Germany) and was dissolved in 0.9% saline solution and then pH-adjusted with 1.0M NaOH solution to the range of 7.2-7.4; a 0.9% saline solution also served as the vehicle control for MSX-3. Istradefylline (KW6002) was provided by Lundbeck Pharmaceuticals (Copenhagen, Denmark) and was dissolved in dimethyl sulfoxide (DMSO, Fisher Scientific, Pittsburgh, PA, USA) and Tween 80 (Fisher Scientific, Pittsburgh PA) mixed with 0.9% saline (10:10:80% mixture; see Nunes et al. (2010) ). This mixture also served as the vehicle control for istradefylline. DPCPX (8-cyclopentyl-1,3-dipropylxanthine) and CPT (8-cyclopentyltheophylline) were obtained from Tocris Bioscience (Ellisville, MO, USA). DPCPX was dissolved in 10% ethanol vehicle (Collins et al. 2010b; Nunes et al. 2010) . CPT was dissolved in 0.9% saline. All drugs were administered IP, and all doses and injection times were selected based on previously published work Collins et al. 2010a, b; Nunes et al. 2010 ) and pilot studies. Several factors were considered for determining the dose ranges for DPCPX and CPT that were used. In part, they were based upon doses listed in published behavioral studies involving IP administration in rats (Prediger and Takahashi 2005; Antoniou et al. 2005; Aubel et al. 2007; Maione et al. 2007; Lobato et al. 2008; Karcz-Kubicha et al. 2003; Marston et al. 1998; Justinova et al. 2009; Salamone et al. 2009 ). Prediger and Takahashi (2005) showed that DPCPX could affect memory in rats at doses of 1.0-3.0 mg/kg IP. However, a previous study showed that the higher dose of DPCPX (3.0 mg/kg IP) actually exacerbated the slowing of maze running speed induced by haloperidol (Mott et al. 2009 ). CPT was shown to be behaviorally active in the dose range tested (Marston et al. 1998, 3 .0 mg/kg; Antoniou et al. 2005; Karcz-Kubicha et al. 2003, 4.8-7 .2 mg/kg). In addition, because a pilot study (n=7) indicated that 24.0 mg/kg CPT did not increase FI-240 responding relative to injection of saline vehicle, a lower dose progression (1.5-12.0 mg/kg IP) was used. Doses of CPT higher than 24.0 mg/kg were not studied because such doses would be outside the range of what is normally reported for behavioral studies in the literature.
Experimental procedures
Different groups of rats were used for each experiment. All experiments used a within-group design in which each rat received all IP drug or vehicle treatments in their particular experiment in a randomly varied order (one treatment per week over a 5-week period). Baseline training sessions (i.e., non-drug) were conducted 4 days per week. For each drug, the same dose range was used for both schedules of reinforcement.
Experiment 1-effects of caffeine on FR20 and FI-240 sec lever pressing Separate groups of animals were used for the FR20 (n=8) and FI-240 sec (n=8) experiments. On the drug treatment day, rats were injected with saline vehicle or 5.0, 10.0, 20.0, or 40.0 mg/kg caffeine 20 min prior to testing.
Experiment 2-effects of theophylline on FR20 and FI-240 sec lever pressing Different groups of animals were used for the FR20 (n=8) and FI-240 sec (n=7) experiments. Rats were injected with saline vehicle or 5.0, 10.0, 20.0, or 40.0 mg/kg theophylline 20 min prior to testing.
Experiment 3-effects of MSX-3 on FR20 and FI-240 sec lever pressing Separate groups of rats were used for the FR20 (n=8) and FI-240 sec (n=7) experiments. Rats received injections of saline vehicle or 1.0, 2.0, 4.0, or 8.0 MSX-3 20 min before testing.
Experiment 4-effects of istradefylline (KW6002) on FR20 and FI-240 sec lever pressing Two groups of animals were used for the FR20 (n=8) and FI-240 sec (n=8) experiments. Rats were injected with either 10:10:80% (DMSO, Tween-80, saline) vehicle or 0.125, 0.25, 0.5, or 1.0 mg/kg istradefylline 20 min prior to testing.
Experiment 5-effects of DPCPX on FR20 and FI-240 sec lever pressing Different groups of rats were used for the FR20 (n=8) and FI-240 sec (n=8) experiments. Animals were treated with the 10% ethanol vehicle or 0.1875, 0.375, 0.75, or 1.5 mg/kg of DPCPX 30 min before testing.
Experiment 6-effects of CPT on FR20 and FI-240 sec lever pressing Two separate groups of rats were used for the FR20 (n=6) and FI-240 sec (n=7) experiments. The treatments were saline vehicle or 1.5, 3.0, 6.0, or 12.0 mg/kg CPT solution adminitered 20 min prior to testing.
Statistical analyses
For both schedules of reinforcement, the raw number of lever presses is listed in Table 1 . For statistical analyses and graphic presentation, lever pressing data were expressed as a percent of the control rate of responding and were analyzed with repeated measures analysis of variance (ANOVA). Non-orthogonal planned comparisons using the overall ANOVA error term (Keppel 1991) were used to compare each treatment with the vehicle control. Orthogonal analysis of trend also was calculated for each experiment; trend analysis (Keppel 1991) assesses the presence of mathematical functions (e.g., linear, quadratic, cubic) in ANOVA data. For the FI-240 experiments, data within the 240 s FI period were broken down into 12 20-s time bins and analyzed with a time bin × drug treatment factorial ANOVA. For all FI-240 sec experiments, there was a significant effect of time bin, so these ANOVA values were not reported below. However, the time bin × treatment interactions were analyzed to determine if drug treatments altered the "scalloping" pattern (i.e., the increase in responding at the end of the interval) that is characteristic of FI lever pressing; a significant interaction was interpreted to mean that there was a treatment-related alteration in the patterning of responding throughout the 240-s intervals. In addition, the index of curvature (Fry et al. 1960) was calculated for each FI-240 sec experiment to provide another measure of the temporal patterning of responding. The index of curvature is a measure of the proportional distribution of responses across the fixed interval period and has been used in psychopharmacology experiments to provide a marker of patterning of responding within the interval (e.g., Odum and Schaal 2000) . For this calculation, we used the following formula (from Odum and Schaal (2000) ; see also Fry et al. (1960) ):
in which R 1 is the total number of responses in the first bin, R 2 is the total in the first and second bin, R 3 is the total in the first three bins, etc., and R 12 is the total number of responses occurring in all of the bins.
Results
Experiment 1-effects of caffeine on FR20 and FI-240 sec lever pressing
Caffeine produced rate-dependent effects on operant responding (see Table 1 for the data on the total number of responses). In the FR20 experiment, ANOVA showed that the treatment effect of caffeine on FR20 lever pressing was statistically significant ( Fig. 1a ; F(4,28)=20.962, p<0.001; significant linear trend, p<0.01). Planned comparisons revealed that doses of 10.0, 20.0, and 40.0 mg/kg significantly decreased lever pressing compared to vehicle. ANOVA showed that the treatment effect of caffeine on FI-240 lever pressing was statistically significant ( Fig. 1a ; F(4,28)=11.12, p<0.001; significant quadratic trend, p<0.01). Planned comparisons revealed that caffeine significantly increased lever pressing compared to vehicle at doses of 5.0, 10.0, and 20.0 mg/kg (p<0.01). The breakdown of responding as a function of caffeine dose and time bin within the interval is shown in Fig. 1b. An analysis of interval bins revealed a significant treatment × interval bin interaction (F(44,308)=3.713, p<0.001). Caffeine also produced a significant effect on the index of curvature, indicating that the drug altered the pattern of responding within the 240-s interval (F(4,28)=5.74, p<0.01; Table 2 ).
Experiment 2-effects of theophylline on FR20 and FI-240 sec lever pressing
Theophylline also produced rate-dependent effects on operant behavior (see Table 1 for raw data of the number of responses). ANOVA demonstrated that the treatment effect of theophylline on FR20 lever pressing was statistically significant ( Fig. 2a ; F(4,28) = 19.944, p < 0.001; significant linear trend, p<0.01). Planned comparisons revealed that a dose of 40.0 mg/kg was capable of significantly decreasing lever pressing compared to vehicle (p<0.01). The overall effect of theophylline treatment in the FI-240 experiment was statistically significant ( of theophylline on the index of curvature approached significance (F(4,24)=2.733, p=0.053; Table 2 ).
Experiment 3-effects of MSX-3 on FR20 and FI-240 sec lever pressing
The adenosine A 2A antagonist MSX-3 increased the rate of responding on the FI-240 sec schedules of reinforcement but had no significant effect on FR20 responding in the dose range tested (see Table 1 ). Although an initial study with a lower dose progression (0.5, 1.0, 2.0, and 4.0 mg/kg) showed that 1.0 mg/kg MSX-3 did produce a slight increase in FR20 responding (10% above baseline; data not shown), in the present study there was no significant treatment effect of MSX-3 on FR20 lever pressing ( Fig. 3a ; F(4,28)=0.516, n.s.; no significant trends). The treatment effect of MSX-3 on FI-240 lever pressing was statistically significant ( Fig. 3a; F(4,24) =6.95, p<0.01; significant quadratic trend, p<0.01), and planned comparisons showed that the 2.0 and 4.0 mg/kg doses significantly differed from vehicle (p<0.05). Figure 3b depicts the breakdown of responding as a function of MSX-3 dose and time bin within the interval. There was a significant treatment × interval bin interaction (F(44,264)=2.197, p<0.001), indicating that there was an alteration of the temporal distribution of responses across different treatments. However, the effect of MSX-3 on the index of curvature was not statistically significant (F(4,24)=1.8, n.s.; see Table 2 ).
Experiment 4-effects of istradefylline (KW6002) on FR20 and FI-240 lever pressing
The adenosine A 2A antagonist istradefylline increased FI-240 response rate and had a subtle biphasic effect on FR20 lever pressing (Table 1) . Istradefylline produced no significant effects on FR20 lever pressing (Fig. 4a) . Nevertheless, trend analysis showed that, similar to the low dose progression MSX-3, there was a significant quadratic trend (F(1,7)=9.39, p<0.05), which is consistent with a pattern of increased response rates at intermediate doses. Because of the significant trend effect, additional planned comparisons were performed, and it was revealed that the 0.25-mg/kg dose of istradefylline significantly increased lever pressing relative to vehicle (p <0.05). The effect of istradefylline treatment on FI-240 sec lever pressing also was significant ( Fig. 4a; F(4,28) =5.299, p<0.01; significant linear trend, p < 0.01). Non-orthogonal planned comparisons revealed that doses of 0.25 and 0.5 mg/kg significantly increased lever pressing over vehicle (p< 0.01). An analysis of interval bins showed that there was a significant treatment × interval bin interaction (F(44,308) =1.581, p<0.05). Nevertheless, the effect of istradefylline on the index of curvature was not statistically significant (F(4,28)=2.402, n.s.; see Table 2 ).
Experiment 5-effects of DPCPX on FR20 and FI-240 lever pressing
The effect of DPCPX treatment on FR20 lever pressing was statistically significant ( Fig. 5a ; F(4,28)=28.222, p<0.01; significant linear trend, p<0.01). Planned comparisons revealed that doses of 0.75 and 1.5 mg/kg significantly decreased lever pressing compared to vehicle (p<0.05). ANOVA showed that the treatment effect of DPCPX on FI240 s lever pressing was not statistically significant ( Fig. 5a ; F(4,28)=1.912, n.s.; no significant trends). An analysis of interval bins (Fig. 5b) showed no interval × treatment interactions (F(44,308)=1.044, n.s.), and there was no significant effect on the index of curvature (F(4,28)= 0.471, n.s.; Table 2 ).
Experiment 6-effects of CPT on FR20 and FI-240 lever pressing CPT produced no significant effects on FR20 lever pressing ( Fig. 6a ; F(4,20)=1.187, n.s.; no significant trends) and no significant effect on FI240 s lever pressing ( Fig. 6a ; F(4,24)=2.213, n.s.; no significant trends). An analysis of interval bins also showed no effects on the pattern of responding within time bins ( Fig. 6b ; F(44,264)=1.853, n.s.), and there was no significant effect of CPT on the index of curvature (F(4,24)=2.163, n.s.; Table 2 ).
Discussion
One of the classic findings in behavioral pharmacology is that major stimulants such as amphetamines and cocaine can produce rate-dependent effects on operant performance, increasing responding on schedules that generate low rates and decreasing responding on schedules that generate high rates (Dews 1958; Sanger and Blackman 1974; Wenger and Dews 1976) . The present experiments demonstrate clearly that the nonselective adenosine antagonists caffeine and theophylline can produce rate-dependent effects on average rates of operant responding. Moreover, the rate-increasing and -decreasing effects of adenosine antagonism appear to depend upon the subtype of adenosine receptor being blocked, with A 2A antagonists being effective at increasing response rates and A 1 antagonists failing to stimulate increases in responding.
The first two experiments showed that caffeine and theophylline can increase lever pressing rate in rats responding on a FI-240 sec schedule, which generates low baseline rates of responding, and decrease rate of responding on the FR20 schedule, which generates high baseline response rates (Figs. 1 and 2) . Thus, these two nonselective adenosine antagonists, which typically are classified as minor stimulants, were able to produce rate-dependent effects on operant responding that are similar to those induced by major stimulants. Previous research with caffeine has yielded mixed results in terms of its ability to produce rate-dependent effects on operant responding. Some research has indicated that caffeine can produce rate-dependent effects on operant lever pressing (Davis et al. 1973; McKim 1980; Katz et al. 1988) , while other studies specifically examined the effects of caffeine on FI and FR performance and did not report clear rate-dependent effects (Harris et al. 1978) . A number of reports have demonstrated that caffeine can suppress responding on FR schedules that generate high response rates (Davis et al. 1973; Harris et al. 1978; Katz et al. 1988 ). On the other hand, the rate-increasing effects of caffeine on operant responding appear to vary depending upon the particular conditions being studied (e.g., dose range and schedule).
Responding on differential reinforcement of low-rate schedules was shown to be increased by caffeine administration (Ando 1973; Webb and Levine 1978; Sanger 1980; Marek et al. 1993 ). In addition, caffeine has been reported to produce slight increases in responding on interval schedules in some papers (Mechner and Latranyi 1963; Davis et al. 1973 ). However, some researchers have failed to identify consistent rate-increasing effects of caffeine on lever pressing on interval schedules (Carney 1982; Glowa 1986; Holtzman and Finn 1988) . It is likely that the length of the interval is a critical variable in this regard. For example, some of the studies that did not report increases in interval responding with caffeine administration have used relatively shorter time intervals (e.g., variable interval-30 s, FI-120 s). In contrast, some studies that reported robust increases in responding with caffeine used much longer intervals (i.e., FI-300 s, Logan et al. 1989; FI-600 s, McKim 1980) . Goldberg et al. (1985) showed that caffeine produced larger increases in response rate in rats that were lever pressing on a FI-300 s component of a multiple schedule as compared to the FI-120 s component. Pilot studies from our laboratory indicated that caffeine did not consistently increase responding in rats tested on variable interval-30 s or FI-120 s schedules (data not shown). Nevertheless, the FI-240 sec schedule, which generated very low baseline response rates, was sensitive to the rateincreasing effects of adenosine antagonism in the present study. Both caffeine and theophylline were able to produce substantial increases (approximately 80-90% over baseline) with rats tested on the FI-240 sec schedule. Like the nonselective adenosine blockers, the adenosine A 2A antagonists MSX-3 and istradefylline were both able to increase the response rate on the FI-240 sec schedule (Figs. 3a and 4a) . The increased response rate induced by adenosine A 2A antagonism in rats responding on the FI-240 sec schedule is consistent with previous studies showing that istradefylline could decrease reaction time and increase preparatory responding in rats responding on reaction time tasks Brown 2006, 2007) . MSX-3 produced significant increases in FI-240 sec responding at the 2.0-and 4.0-mg/kg doses, while istradefylline increased response rates at the 0.25-and 0.5-mg/kg doses. This relative potency (e.g., istradefylline > MSX-3) is consistent with previous studies involving the reversal of the effects of DA D2 receptor antagonism Salamone et al. 2009; Nunes et al. 2010) . The rateincreasing effects of both drugs were biphasic, with intermediate doses of each drug (2.0-4.0 mg/kg MSX-3; 0.25-0.5 mg/kg istradefylline) producing significant increases in lever pressing but with higher doses (8.0 mg/kg MSX-3; 1.0 mg/kg istradefylline) failing to do so. However, unlike the nonselective adenosine antagonists, neither MSX-3 nor istradefylline significantly decreased FR20 responding in the dose range tested. If anything, istradefylline actually tended to produce a slight increase in FR20 responding at the intermediate dose (0.25 mg/kg istradefylline). Although the highest dose (8.0 mg/kg) of MSX-3 failed to decrease FR20 responding, it is likely that a very high dose (e.g., 30 mg/kg) would suppress lever pressing (Justinova et al. 2009 ). Nevertheless, the pattern of effects shown by adenosine A 2A antagonists appears to be markedly different from that shown by caffeine and theophylline. While the nonselective adenosine antagonists significantly suppressed FR20 lever pressing at doses that also significantly elevated FI-240 sec responding (e.g., 10.0 and 20.0 mg/kg caffeine; 40.0 mg/kg theophylline), the selective adenosine A 2A antagonists did not produce rate-increasing and -decreasing effects on the two different schedules at the same doses.
In contrast to the effects of adenosine A 2A antagonism, the selective A 1 antagonists DPCPX and CPT failed to stimulate responding under any conditions. CPT had no effects on performance of either schedule, while the only significant effect of DPCPX, which is more selective for A 1 receptors than CPT (Maemoto et al. 1997) , was to decrease responding in rats tested on the FR20 schedule. Recent studies from our laboratory have identified clear differences between the behavioral effects of adenosine A 2A and A 1 antagonists. Although adenosine A 2A antagonists can produce a robust reversal of the effects of DA D2 family antagonists on instrumental behavior Mott et al. 2009; Worden et al. 2009; Salamone et al. 2009; Nunes et al. 2010) , locomotion (Collins et al. 2010b ) and oral tremor (Correa et al. 2004; Salamone et al. 2008; Betz et al. 2009 ), A 1 antagonism has failed to reverse these effects of D2 antagonism (Mott et al. 2009; Salamone et al. 2009; Nunes et al. 2010; Collins et al. 2010a, b) . Moreover, despite the reports indicating that CPT can act as a locomotor stimulant in the dose range tested in the present paper (Marston et al. 1998; Karcz-Kubicha et al. 2003) and was reported to increase lever pressing in monkeys responding on a FI schedule of shock termination (Spealman 1988) , this drug did not increase lever pressing rate on the FI-240 sec schedule. Thus, in terms of the ability to increase response rates on food-reinforced FI schedules that generate low baseline rates of responding, this effect was induced by A 2A antagonists, but not by A 1 antagonists, in the dose range tested. Furthermore, although the moderately selective A 1 antagonist CPT did not suppress FR20 responding, the ratedecreasing effects of adenosine antagonism were clearly evident with administration of the highly selective A 1 antagonist DPCPX, which is consistent with previous studies demonstrating the motor suppressant effects of high doses of DPCPX in mice (El Yacoubi et al. 2000) and rats (Mott et al. 2009 ).
Rats responding on the FI-240 sec schedule displayed the characteristic "scalloping" pattern of responding, i.e., they showed low rates of lever pressing shortly after reinforcement delivery but much higher levels of responding as the interval progressed. An analysis of the temporal pattern of responding within the 240-s interval in the FI experiments indicated that the different drugs showed subtly different types of effects. Caffeine significantly altered the pattern of responding during the interval, as marked by the significant interval × drug treatment interaction and the significant reduction in the index of curvature. In contrast, theophylline, MSX-3, and istradefylline produced small or inconsistent effects on response patterning, while DPCPX and CPT did not affect response patterning within the interval. In fact, the effect of caffeine on response patterning did not seem to be directly related to increases in response rate. The doses of caffeine that increased the response rate did not have significant effects on the index of curvature, while the highest dose of caffeine, which did affect the index of curvature and produced an apparent flattening of responding within the interval, did not produce a significant increase in response rate. Instead the increases in response rate induced by 5.0-20.0 mg/kg caffeine were associated with high levels of responding at the terminal end of the 240-s interval (Figs. 1b and 3b) ; this pattern is similar to that reported by Logan et al. (1989) . Overall, these analyses indicate that the doses of caffeine, theophylline, MSX-3, and istradefylline that increased the FI response rate did not produce major alterations in the temporal pattern of responding within the interval because the general scalloping pattern was preserved across these treatments. These observations serve to contrast the effects produced by adenosine antagonists with those produced by major stimulants such as amphetamine and cocaine, which tend to dramatically increase responding early in the interval, but decrease response rates later in the interval, at doses that increase FI response rate (Smith 1964; Kelleher and Morse 1968; McMillan 1968a, b; Heffner et al. 1974; Sanger and Blackman 1974; Robbins et al. 1983; Logan et al. 1989) .
It is worthwhile to consider the relation between the present studies on the response-stimulating effects adenosine antagonism and those involving reversal of the effects of DA antagonists. In some ways, there are similarities between the two types of effects. For example, adenosine A 2A antagonists induce greater increases in FI-240 sec lever pressing than A 1 antagonists, and A 2A antagonists also are more effective at reversing the effects of DA antagonists Nunes et al. 2010 ). In addition, doses of MSX-3 and istradefylline that increase FI-240 sec lever pressing also are effective at reversing the effects of DA D2 family antagonists on tests of instrumental behavior Worden et al. 2009; Salamone et al. 2009; Nunes et al. 2010) . Nevertheless, there also are some important differences. For example, caffeine is relatively weak in terms of its ability to reverse the effects of DA antagonism on lever pressing and locomotion Collins et al. 2010b) , but this drug nevertheless produces a very robust increase in FI-240 sec responding. Furthermore, adenosine A 2A antagonists are much more effective at restoring normal levels of lever pressing in rats treated with D2 antagonists than they are in rats treated with D1 antagonists Nunes et al. 2010 ). This pattern of effects would seem to be unlikely if A 2A antagonists were simply producing stimulant effects across a broad range of conditions. Thus, it does not appear that the ability of adenosine A 2A antagonists to produce a robust reversal of the effects of D2 antagonists is based solely on the fact that A 2A antagonists also have stimulant properties. Instead the results of these reversal experiments appear to reflect a relatively specific interaction between D2 and A 2A receptors, which is likely to be based upon the pattern of co-localization of these receptors on the same striatal neurons Salamone et al. 2009; Mott et al. 2009; Farrar et al. 2010; Nunes et al. 2010) .
In summary, the results of the present experiments demonstrate that methylxanthines such as caffeine and theophylline can produce rate-dependent effects on operant responding. These effects could be due to a general antagonism of adenosine receptors or could be related to other mechanisms of action (Garrett and Holtzman 1995) . Importantly, the present studies also showed that adenosine A 2A antagonists, but not A 1 antagonists, can increase operant response rates, particularly in rats responding on the FI-240 sec schedule. Unlike the nonselective adenosine antagonists, the adenosine A 2A antagonists failed to decrease FR20 lever pressing in the same dose range that increased FI-240 sec responding. These results demonstrate that adenosine A 2A antagonists have behavioral stimulant properties that can be assessed by using operant schedules that generate low response rates. Nevertheless, these selective drugs also show a different pattern of effects from that produced by the methylxanthines caffeine and theophylline.
